In 24 cases of multifocal necrotizing encephalopathy (MNE) in Simmental and Simmental-cross cattle, clinical features varied, consisting of mild rear limb ataxia, caudal paresis, and, less often, sudden death. Bilateral and symmetric malacic lesions were present in the brain stem (olivary nucleus) of all affected calves. Foci of malacia affecting thoracic spinal cord and additional brain stem sites were common. Neuronal cell bodies and hypertrophied capillaries were present within malacic foci. Rarefaction of neuropil, progressing to complete parenchymal loss, characterized advanced lesions. Pathologic features were similar to those of Leigh syndrome in humans, and a similar defect in aerobic metabolism is hypothesized. Occurrence of the syndrome within 1 breed over a wide geographic area suggests that hereditary factors contribute to development of MNE.
Encephalomalacias and encephalomyelomalacias of unknown etiology have been reported in domestic livestock. 2, 3, 9, 10, 13, 14, [20] [21] [22] [23] 25, 26 Multifocal symmetrical encephalopathy and polioencephalomyelomalacia have been reported in Simmental and Simmental-cross calves in New Zealand, Australia, and most recently a single herd in Oregon (USA). 9, 11, 13 The cause of the malacia was not determined in any of these reports. Trace mineral alterations have been associated with the disease, and hereditary influences have been hypothesized. 9, 11, 13 In this report, we describe an additional 24 cases from the northern and central Great Plains region of the United States.
Materials and methods
Cases were acquired as routine diagnostic material, and subsequently herds of origin became part of a long-term study of congenital defects in cattle. 17 Calves or calf tissues were examined at the North Dakota Veterinary Diagnostic Laboratory (ND-VDL) or submitted to the Congenital Defects Laboratory at the Kansas State University College of Veterinary Medicine (KSU-CVM) for study. Additional affected animals within these herds were reported, but because these cases were not confirmed by pathologic evaluation, they are included only in the historical portion of this report.
Live affected calves received a complete clinical and neurologic examination prior to euthanasia. Euthanasia was by intravenous injection with 26% sodium pentobarbital a solution or T-61. b Tissues from all major organs and all levels of the nervous system were sampled and fixed in 10% buf-fered formalin for histopathologic studies. Sections of paraffin-embedded tissues were stained with hematoxylin and eosin (HE). Nervous tissue also was stained by cresyl violet and periodic acid-Schiff methods.
Nervous tissue from affected calves was examined by transmission electron microscopy at both ND-VDL and KSU-CVM. Cardiac and hepatic tissues from 1 calf also were examined ultrastructurally. Tissue samples from representative areas of brain stem and spinal cord were fixed in 3% glutaraldehyde-cacodylate, postfixed in buffered 1% osmium tetroxide, washed with distilled water, dehydrated through a graded ethanol series, and infiltrated with Epon (LX 112). Thin sections were cut and stained with ethanolic uranyl acetate solution and triple lead stain. Samples were examined with a Hitachi H300 or a Joel 100CX transmission electron microscope.
Trace mineral analysis was conducted on hepatic tissue of 3 calves from 1 farm in North Dakota utilizing inductively coupled plasma (ICP) multielemental analysis. Blood or brain cholinesterase levels were determined for 4 calves, lead levels for 3 calves, and vitamin E levels for several affected calves. Whole blood selenium was determined for 2 calves. Blood lactate was determined for 2 affected and 2 normal calves in 1 herd. Blood was collected for lactate analysis in sodium fluoride tubes, placed on ice, and delivered to the laboratory within 1 hr.
Histories of breeding patterns, management changes, and nutrition were obtained from all affected herds.
Results
History. Eleven Simmental or Simmental-cross calves or tissues were examined from 3 herds at the ND-VDL. Focal lesions were missed during gross examination in the initial 3 animals from 1 herd. An additional 13 cases from 9 herds were examined at the Congenital Defects Laboratory at the KSU-CVM. One herd submitted 2 calves to the ND-VDL and 1 calf to the KSU-CVM for evaluation; therefore, a total of 11 herds were confirmed to have affected calves. Calves originated from 3 states, including Kansas (7 herds), North Dakota (3 herds), and Iowa (1 herd). Of the 11 herds, 5 had 21 cases of a similar clinical condition occurring in previous years that had not been submitted for pathologic evaluation. One herd of 400 cows had 2-6 calves affected annually for 6 years prior to requesting pathologic examination.
Clinical findings. Clinical onset occurred in calves 5-12 months of age, 3-8 weeks or more after weaning and entry into the feedlot. Onset of clinical signs was generally abrupt. Clinical features varied considerably in severity at the onset and ranged from mild proprioceptive placing deficits to ataxia, recumbency, and in rare cases sudden death. Mildly affected calves presented with subtle signs consisting of dragging of rear toes and mild swaying of rear quarters. Mild weakness and some pivoting on rear legs were common. Crossing of rear limbs, weakness, and incoordination were exacerbated when the calves were led in a circle. Difficulty rising was common and was an early sign recognized by herders. Calves started with front legs extended anteriorly and had extreme difficulty bringing rear legs underneath the pelvic region from the lateral, position to lift the caudal half of the body. Assistance allowed severely affected calves to rise, but these calves would lose balance on the rear legs and slowly sit down on the rear quarters. Calves would rest in ventral recumbency with both rear legs extended laterally and front legs folded beneath the thorax.
Progression of signs was variable, with complete recumbency and caudal paresis occurring in an average of 6 weeks. One calf observed for 14 days at the ND-VDL had no progression of clinical signs during that time.
Elevation of temperature (104-15 F), heart rate (100-12 beats/minute), and respiration (40 breaths/ minute) occurred in many but not all calves.
Calves were alert but appeared nervous and hyperexcitable. Calves appeared normally responsive to sound and visual stimuli. Cranial nerve function was assessed, and all pathways appeared intact in all calves examined. Calves were slightly more sensitive to cutaneous stimulation, and hyperreflexia was noted when assessing the cutaneous trunci reflexes bilaterally from the cranial cervical region to the caudal sacral region. Extensor carpi radialis, patellar, and gastrocnemius tendon and withdrawal reflexes were present and appeared normal.
Pathologic changes. Gross examination of coronal sections of the spinal cord and brain revealed the most consistent lesions in these calves. These lesions were in the brain stem, just rostra1 to the obex (Fig. l) , and within the thoracic spinal cord. Other regions of the brain stem and midbrain were less consistently affected. Lesions rostra1 to the obex consisted of bilaterally symmetric, brownish, depressed or cavitated areas, from 4 to 6 mm in diameter, involving the olivary nuclei in all brains evaluated (Fig. 2) . Lesions were approximately 1.0 cm long. Similar gross lesions were detectable in the ventral gray matter of the thoracic spinal cord of many (60%) but not all calves (Fig. 3) . In several cases, lesions occurred in other parts of the brain stem and midbrain, generally affecting nuclei of the extrapyramidal system. Lesions not likely to be associated with neurologic disease included enteritis and chronic localized pneumonic changes in a few calves.
Histologic lesions were characterized by liquefaction and rarefaction of neuropil. Morphologically normal neuronal cell bodies were present within the rarefied foci (Fig. 4 ). Blood vessels, primarily capillaries, were prominent within malacic foci because of endothelial cell hypertrophy and loss of surrounding neuropil. Mild to moderate gliosis and glial cell hypertrophy were present along poorly delineated margins of the lesions. Spongiosis was present in white matter tracts, which were encroached upon by malacic foci in adjacent gray matter (Fig. 5) .
Ultrastructural changes observed were nonspecific and consisted of vacuolation and spongiosis of neuropil and endothelial cell hypertrophy (Figs. 6, 7) .
Biochemical analyses. Toxicologic and elemental analyses of various tissues were done on a limited number of animals. The results of ICP trace mineral analysis are presented in Table 1 . The 3 calves involved in this analysis were from the same North Dakota herd. A slightly marginal hepatic copper concentration (9.0 ppm wet basis) was detected in 1 of the 3 calves, but copper was within normal limits in the other 2. Elevated hepatic cobalt levels were detected in 2 of the calves but were well below toxic levels.
Blood cholinesterase levels were slightly low in affected calves (3.01 ± 0.89 µm/ml/minute, n = 4) but not significantly different than that of clinically normal herdmates (2.65 ± 0.39 µm/ml/minute, n = 2). All calves tested for cholinesterase activity were treated with a cholinesterase-inhibiting insecticide 2-5 weeks prior to testing. Whole blood selenium was normal in the 2 calves tested (0.23 ppm wet basis). Serum vitamin E level was tested in several calves and was normal. Blood lactate levels were slightly higher (2.7 ± 0.87 mmol/liter) than those of age-matched herdmates that were sampled and tested at the same time (1.75 ± 0.21 mmol/liter).
Discussion
Multifocal necrotizing encephalopathy (MNE) has been reported previously in New Zealand, Australia, and Oregon (USA). 9, 11, 13 Clinical disease and lesions seen in the calves of this report are similar to those described in previous cases. Posterior weakness, ataxia, and/or paresis are the most consistent clinical signs associated with this disorder.
Clinically, MNE can be difficult to distinguish from paralytic rabies, traumatic spinal injury, and Hypoderma spp. larval migration. Vertebral body osteomyelitis, localized meningitis, and spinal lymphosarcoma are less common in animals of this age but can present with similar clinical signs. The absence of cranial nerve involvement and generalized cerebral signs, such as opisthotonos and seizures, distinguishes this disease from nervous Coccidiosis, polioencephalomalacia (laminar cortical necrosis), Hemophilus somnus infections, and organophosphate toxicoses, which occur in calves of this age and under similar conditions. Gross lesions in the caudal olivary nucleus were easily distinguished in all fresh and fixed brain specimens available for examination. The bilaterally symmetric nature of the brain stem lesion, a consistent feature of MNE, gives a false impression of normality. The consistency of the lesion at this location necessitates gross and histologic examination of the site just rostra1 to the obex in all feedlot calves dying suddenly, with or without a history of neurologic disease. theory of a localized ischemic process is worthy of further consideration, primary vascular changes were not observed in the routine morphologic studies of these Simmental calves. Earlier pathologic changes in The caudal olivary nucleus receives afferents from extrapyramidal nuclei within the telencephalon and brain stem and provides a pathway for extrapyramidal impulses to reach the cerebellum. 5 The extrapyramidal system regulates unconscious postural changes, maintaining tonic support against gravity, and modifies and coordinates cortically initiated voluntary movement. Additional extrapyramidal nuclei were affected in these and previously reported cases. 9, 11, 13 Involvement of these nuclei and less frequent involvement of the ascending reticular activating system would explain the ataxia seen clinically. Although lesions in the extrapyramidal nuclei may have contributed to paresis, the thoracic spinal lesions detected in approximately 60% of our cases and lesions in the pontine nuclei probably were responsible for paresis. Because the lesions were multifocal, small thoracic spinal lesions could be overlooked in some calves.
Histologic evaluation demonstrated malacic lesions similar to those caused by ischemia. 4,12 Although the neuronal cell bodies also would be expected in ischemic processes. Although neuronal cell bodies were lost in the advanced lesions, the loss appeared to occur following failure to maintain integrity of axonal and dendritic processes. An ischemic process affecting focal symmetric areas in several distinct and distant portions of the central nervous system with lack of lesions elsewhere is unlikely.
The lesions in these calves resembled those of subacute necrotizing encephalomyelopathy (Leigh syndrome) in humans, indicating that similar defects in oxidative metabolism may occur in MNE. 6 Preliminary evidence of elevated blood lactate in the 2 affected calves tested supports a metabolic cause. In Leigh syndrome, focal symmetric lesions are found from the thalamus to the pons, involving the inferior olives and posterior columns of the spinal cord. The putamen is the most consistently affected area in humans with Leigh syndrome, in contrast to the characteristic olivary lesion in calves with MNE. Histologically, lesions in the putamen are characterized by necrosis, demyelination, vascular proliferation, and astrocytosis, which are similar to the histopathologic changes in MNEaffected calves. 8, 18, 19 The morphologic resemblance of Leigh syndrome and MNE suggests that a similar underlying pathogenesis may be responsible for both disorders. Further, this suggestion of similar etiology indicates that careful biochemical and genetic characterization of future MNE-affected calves should be done.
Leigh syndrome belongs to a heterogenous group of diseases termed mitochondria1 encephalopathies. Cytochrome c oxidase, pyruvate dehydrogenase, and biotinidase deficiencies have been identified in various subpopulations of humans. 1, 8, 15, 16, 19 Cytochrome c oxidase deficiency is transmitted as a simple recessive trait in some families. 8 Other cases of mitochondrial encephalopathies, including many Leigh syndrome cases, do not follow typical Mendelian patterns of inheritance and occur sporadically. 19 Mitochondria DNA encodes several of the functional and regulatory enzymes of the respiratory chain and is maternally inherited. Several mitochondria are present in a given ovum, and some can be normal while others are abnormal (heteroplasmy). Heteroplasmy and maternal inheritance confound the characterization and identification of mitochondria1 defects. 7 The cause of many sporadic cases of Leigh syndrome, similar to the encephalopathy in these calves, remains to be determined.
Many enzymes of the respiratory chain coded by chromosomal (nuclear) DNA consist of tissue-specific subunits (isozymes), and mutation in these subunits affects the tissue distribution of lesions in patients suffering defects in function of respiratory chain enzymes. 7, 16, 24, 27 In addition, some tissues, such as nervous and muscle, rely more heavily on aerobic metabolism than others.
Because most of the affected Simmental calves were pasture bred, pedigree information was limited. Bulls used were often closely related to the cows in the herds, and affected offspring in this study and in previous reports appeared to be highly inbred. 9, 11, 13 Inbreeding would increase the likelihood that recessive traits would be expressed. The Oregon cases were reported to be from unrelated sires. Cases have reportedly occurred in Simmental-cross calves. 13 The crossbred calves in this report had Simmental ancestry in the pedigrees of both parents. The association of this disease with animals of 1 breed over such a wide geographic area suggests that a hereditary influence is present. It remains to be determined if the disorder itself, or merely the predisposition to develop the disorder, is heritable.
Elevated tissue aluminum and decreased copper described in the Oregon cases was not found in our investigation. 13 The Oregon cases were temporally and spatially related, and the trace mineral abnormalities may have been coincidental. The reported response to copper supplementation in these studies is difficult to explain. This response to copper may have been coincidental; cases tended to occur sporadically within affected herds. The low numbers of trace mineral analyses and conflicting results demonstrate a need for limited but continued investigation of trace mineral status in MNE calves.
Nutritional or toxic influences alone did not appear to cause MNE because cattle sharing summer range with MNE-affected herds for several years showed no disease.
The geographic distribution of our cases reflected the region serviced by the laboratories. Cases are being reported from other states and countries, indicating that the problem is more widespread than previously thought. MNE is probably often undiagnosed because of low incidence in affected herds and because the small focal lesions can be overlooked easily at necropsy.
The clinical ataxia and paresis seen in these calves associated with symmetric necrotic lesions in brain, specifically the olivary nuclei, and less often the spinal cord comprise a distinct clinical entity. The similarity of MNE and mitochondrial encephalopathies of humans suggests the possibility of a similar underlying pathogenesis affecting aerobic metabolism. Future study must include characterization of the disorder using biochemical, molecular genetic, and perhaps immunohistochemical techniques. Epidemiologic and genetic studies of MNE-affected calves are needed. Controlled breeding trials also would be useful but difficult, because affected calves die prior to reproductive age.
